A fluorimetric procedure for the determination of phosphoglycerate kinase in single human hair follicles is described. Enzyme studies on different parts of hair follicles after dissection show that the distribution of glucose-6-phosphate dehydrogenase matches that of phosphoglycerate kinase. Glucose-6-phosphate dehydrogenase can therefore be used äs a reference eijzyme to compensate for differences in hair follicle sizes. It was shown that the Variation in the values found in individual hair follicles is improved by relating phosphoglycerate kinase to glucose-6-phosphate dehydrogenase activity. In areas of the world where glucose-6-phosphate dehydrogenase deficiency occurs frequently, an autosomally inherited reference enzyme may be preferred. It is shown that 6-phosphogluconate dehydrogenase is useful in this respect. Upon storage a gradual drop in the activity of all three enzymes was observed, but the rate of decrease was about equal: the enzyme activity ratio was, therefore, almost unaffected for a period of one week. This allows the determination of phosphoglycerate kinase even in mailed hair follicles.
Introduction
bles another inborn error of metabolism, glucose-6-, , ,.
," _ n --x , ~ . . phosphate dehydrogenase deficiency, better known Phosphoglycerate kinase (EC 2.7.2.3) deficiency is a r .
. ' ° . f , . .., , -J· i-i j -t_ r V u r t-u as favism (3) . Diagnosis of hemizygotes with phosrecessive X-lmked mborn error of metabolism which U 1 * , · j *-· · * -ui^ ., +^, , - In cloncs of cultured fibroblasts derived from a female, heterozygous for phosphoglycerate kinase deficiency, a niosaic of phosphoglycerate kinase deficient and normal values was measured, whereas a reference enzyme displayed normal activities in the cells (5) . Suspected carriers can be screened using this approach. Unfortunately, this is not very practical since it is relatively time-consuming and expensive. The above-mentioned experiments demonstrate, however, that the Information for the enzyme phosphoglycerate kinase is present on that part of the X-chromosome undergoing lyonisation (lyonisation means that per cell only the paternal or maternal X-chromosome is expressed (6)). Since most human hair follicles are of clonal origin, the hair follicle will in this respect behave s cell clones (7) . Hair follicles have already been shown to be convenient tissue specimens for detection of several other X-linked enzyme deficiencies (8, 9, 10) .
In the present paper we describe a quantitative assay for phosphoglycerate kinase in single hair follicles, which fulfils the criteria for the above-mentioned purpose.
The glucose-6-phosphate dehydrogenase assay and the 6-phosphogluconate dehydrogenase assay were essentially the same s described earlier (10) . In the glucose-6-phosphate dehydrogenase assay 15 μΐ hair follicle lysate was added to 130 μΐ incubation mixture containing 0.1 raol/1 2-amino-2-methyl-l ,3-propanediol (pH 8.6), 20 mmol/1 glucose-6-phosphate, 2.5 mmol/1 magnesium chloride, 10 mmol/1 NADP+, 0.5 mmol/1 EDTA, 0.5 g/l bovine serum albumin and 300 milli-units 6-phosphogluconate dehydrogenase. In the 6-phosphqgluconate dehydrogenase assay 15 μΐ hair follicle lysate was added to 130 μΐ incubation mixture containing 0.1 mol/1 2-amino-2-methyl-l,3-propanediol (pH 8.6), 10 mmol/1 6-phosphogluconate, 2.5 mmol/1 magnesium chloride, 5 mmol/1 NADP+, 0.5 mmol/1 EDTA and 0.5 g/l bovine serum albumin. After an ineubation period of 60 minutes at 37 °C both reactions were tenninated by addition of 800 μΐ 0.02 mol/1 sodium hydroxide. Enzyme activity was measured s the formation of NADPH by fluorescence spectfoscopy at an excitation wavelength of 350 nm and an emission wavelength of 460 nm. Blank values in all three assays were obtained by adding 15 μΐ Triton X100 (0.1 g/l) witho t hair follicle lysate to the ineubation medium.
Enzyme assays on dissected hair follicles
15 single hair follicles obtained from normal individuals were dissected under a binocular microscope by cutting them just above, through the middle and just below the sheath. The different parts are referred to s upper sheath, lower sheath and buib, respectively. Each hair follicle fraction was immersed in 55 μΐ Triton X100 (0.1 g/l) and assayed for phosphpglycerate kinase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase activity.
Materials and Methods

Chemicals
Glucose-6-phosphate, 3-phosphoglycerate, adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (reduced form) (NADH), nicotinamide adenine dinucleotide phosphate (NADP+). glyceraldehyde phosphate dehydrogenase, 6-phosphogluconate and 6-phosphogluconate dehydrogenase were obtained from Boehringer (Mannheim, FRG). 2 Amino-2-methyl-1,3-propanediol, ethylenediamine tetra-acetic acid (EDTA), Tris(hydroxymethyl)aminomethane, Triton XI00 and bovine serum albumin were obtained from Sigma (St. Louis, USA). Magnesium chloride was obtained from Merck (Darmstadt, FRG).
Enzyme assays
Human hair follicles were plucked at random from several areas of the scalp; those with a visible bulb and sheath (anagen phase) were cut off just above the sheath and immersed in 55 μΐ Triton X100 (0.1 g/l) for 60 minutes at room temperature. Aliquots (15 μΐ) of the hair follicle lysate were used for the phosphoglycerate kinase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase assay.
The assay procedure for phosphoglycerate kinase was essentially the same s described by Beutler (3). The reaction was started by addition of 15μ1 hair follicle lysate to a 100 μΐ ineubation mixture, containing 0.3 mol/1 Tris-HCl (pH 7.0), 10 mmol/1 magnesium chloride, 8 mmol/1 ATP (neutralized), 100 mmol/1 3-phosphoglycerate, l mmol/1 NADH and 4000 units/1 glyceraldehyde phosphate dehydrogenase. After an ineubation period of 20 minutes at 30 °C, the reaction was terminated by addition of 800 μΐ 0.02 mol/1 sodium hydroxide. The conversion of NADH to NAD+ was determined by fluorescence spectroscopy at an excitation wavelength of 350 nm and an emission wavelength 460 nm.
Mailing of hair follicles
Hair follicles of a male with a phosphoglycerate kinase deficiency, variant M nchen (code IV 14 in the genealogy of this German family (llj) were attached to adhesive tape, put into an Eppendorf reaction vial and send to the laboratory by air mail. As reference samples, hair follicles of a healthy control (control II in tab. 3 and 4) were plucked on the day of dispatch (stored dry at room temperature) and on the day of arrival of the mailed haif follicles.
Results
Optimal assay conditions for phosphoglycerate kinase activity in human hair follicles were achieved with 15 μΐ hair follicle lysate ( fig. l a) at a pH of 7.0 ( fig. l b) . The reaction was found to be linear up to 20 minutes (fig. Ic). All further experiments were performed under these conditions. The enzymatic nature of the reaction was further demonstrated by the l w rate of nicotinamide adenine dinucleotide (reduced form) conversion: a) when boiled hair follicle lysate was used; b) when the ineubation was carried out at 4 °C; c) when the ineubation was carried out in the absence of 3-phosphoglycerate (t b. 1).
Glucose-6-phosphate dehydrogenase was used s a reference enzyme to conapensate for differences in hair follicle size and quality, since it is measurable in single hair follicle lysate (9)> and its distribution pat- lern in hair follicles is very similar to that of phosphoglycerate kinase (tab. 2). In some areas of the world (not in northern and western Europe) glucose-6-phosphate dehydrogenase deficiency occurs frequently. In these cases another reference enzyme, for which the Information is coded on an autosomal chromosome, is preferred. 6-Phosphogluconatc dehydrogenase meets this criterion and its determination is relatively simple. Determination of phosphoglycerate kinase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in 100 individual hair follicles from 10 healthy volunteers showed the advantage of using the ratio between phosphoglycerate kinase and a reference enzyme: the Variation in phosphoglycerate kinase activity (highest value / lowest value between individual hair follicles is 2.8) is improved by relating phosphoglycerate kinase to glucose-6-phosphate dehydrogenase (highest value / lowest value is 2.0) or 6-phosphogluconate dehydrogenase (highest value / lowest value is 2.4). The effect of storage on human hair follicles at room temperature for a period of 18 days is shown in table 5 and it can be concluded that all three enzymes show similar stability during a period of one week, resulting in a constant enzyme ratio.
In 
Discussion
In the present paper it is demonstrated that phosphoglycerate kinase activity can be accurately determined in single hair follicles and glucose-6-phosphate dehydrogenase or 6-phosphogluconate dehydrogenase can serve äs a reference enzyme to compensate for differences in hair follicle size and quality.
Storage of hair follicles at room temperature and normal humidity results in only a minor loss of phosphoglycerate kinase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase activity during 7 days (tab. 5). As a consequence the enzyme ratios were almost unaffected. The latter allows hair follicles to be mailed without special care to laboratories for the measurement of phosphoglycerate kinase activity.
Although no tissue has yet been found in which phosphoglycerate kinase deficiency is not expressed (13) , the final proof of the usefulness of hair follicles in this respect can only be made by verification in patients. As shown in tab. 6, the average values for the phosphoglycerate kinase to glucose-6-phosphate dehydrogenase ratios, and phosphoglycerate kinase to 6-phosphogluconate dehydrogenase ratios in mailed hair follicles of a male with a phosphoglycerate kinase deficiency (phosphoglycerate kinase München) are only 25% of the ratios for a healthy control person (Control II in tab. 3 and 4, with the lowest measured enzyme ratio), and no overlap of values was observed. This demonstrates that phosphoglycerate kinase deficiency is also expressed in human hair follicles.
Previous studies have shown that human hair follicles are advantageous for the carrier detection of several X-linked enzyme disorders (7, 8, 9) . As a result of the clonal origin of hair follicles, lyonisation of the X-chromosome will present a mosaic of normal and deficient values. Due to the fact that the phosphoglycerate kinase to glucose-6-phosphate dehydrogenase ratio (tab. 3) and the phosphoglycerate kinase to 6-phosphogluconate dehydrogenase ratio (tab. 4) is fairly constant between normal individuals, it should be possible with this method to detect heterozygous carriers since deficient phosphoglycerate kinase values ränge from 5% of the normal activity (phosphoglycerate kinase Creteil (3)) up to 20-25% (phosphoglycerate kinase München (11) and phosphoglycerate kinase Uppsala (13)). The theoretical percentage of completely deficient hair follicles in heterozygous carriers is 12.5%, assuming that the hair follicles are derived from three progenitor cells and that a random and equal distribution of mutant and normal cells takes place (14) . It should therefore suffice to determine the phosphoglycerate kinase activity in 20-30 hair follicles, in order to identify heterozygous carriers. *
